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Time-resolved x-ray K-shell spectra from high density plasmas generated by ultrashort laser pulses
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We present time-resolved x-ray spectra of C, F, Na, and Al, generated by focusing ultrashort frequency
doubled Ti:sapphire laser pulses on solid plane targets. Using a high resolution x-ray streak camera in com-
bination with a laser triggered accumulation system, we achieved a time resolution of 1.7 ps when adding the
x-ray signal of many thousands of laser shétsshell resonance line emission with a duration in the range of
2—-4 ps is observed. Ly emission is generally observed to be faster thansHsmission and the x-ray pulse
duration is observed to decrease with increasing atomic number. A hydrodynamic code in combination with an
atomic kinetics code is applied for simulation of time-resolved plasma emission, showing good agreement with
experimental data.

DOI: 10.1103/PhysReVE.63.026407 PACS nuner52.50.Jm, 52.25.0s, 32.30.Rj, 06.60.Jn

I. INTRODUCTION seconds, in Ref.14] a long enduring emission of up to about
200 ps is reported. Time-resolvé&dshell spectra from mas-
Ultrashort laser pulses of subpicosecond duration focuse8ive Al targets irradiated by longer 400 fs pulses were pre-

on solid targets generate a short living hot plasma of higrented by Kiefferet al. [12]. Other previous work was re-

density. Its lifetime depends on several rapid transient prol2t€d t0 measurement from targets of higherelements

cesses such as the laser light absorption in the expandin( nging fzr:c;m F% to T.h[?Zl ;amission fffhm preforrrgjgd A,Al\l
plasma, the transfer of energy into the dense target, and t oﬁ:?;j][ ], and emission from very thin expanding
cooling mechanism caused by heat conduction and expan- :

sion of the plasmél]. The progress in the performance of The paper is organized as follows. In Sec. Il we describe
P ' prog P the experimental setup. The streaked spectra and the tempo-

llows us 10 study such plasas sysiematcaly, In particuial?) PUISe shapes of the main resonance fiias Ly  and
y P Y y-inp He «) and of the continuum are presented in Sec. lll. In Sec.

:jhuerirfmrlétfgntx ;Z%E%]e Tbheifri]s %é?i?/:tecg t?r?r\:ve"}gcltn:r?;fs V we compare the experimental results with hydrodynamic
9 y ' y imulations, which were postprocessed by an atomic kinetics

the x-ray emission stems from a dense strongly coupleti
. . . . -~ code.

plasma with properties approaching those present in the in-
terior of stars[15]. Apart from the utilization of ultrashort
laser pulses, such conditions can be generated in the labora- Il. EXPERIMENTAL SETUP
tory only in inertial confinement fusiofiICF) experiments,
which require huge laser installations in contrast to the mod- The experimental setup is shown in Fig. 1. The ATLAS
est size of ultrashort pulse lasers. Besides this fundamentdi:sapphire laser system was used for plasma generation. It
aspect, the short duration of the x-ray emission has stimudelivers 250 mJ laser pulsesat 790 A and a pulse dura-
lated applications for investigating ultrafast processes in mattion of 150 fs. The repetition rate is 10 Hz. By frequency
ter. Here the x rays serve as a probe pulse in pump-probgoubling we improved the contrast ratio to'i@t 2 ns and
experiments with the goal of reaching subpicosecond timd(0® at 1 ps before the pulse maximum. Thus preplasma for-
resolution[17-19. mation by prepulses is avoided. The energy of the frequency

The recent advances in ultrafast x-ray streak cameradoubled laser radiation\(=395 A) was 80 mJ. After sup-
[20,21] has made it possible to study x-ray emission by time-pressing the fundamental radiation by a set of four selective
resolved spectroscodyL3,14,22. In addition, the technique mirrors the laser pulses were focused byf #hoff axis para-
of low jitter (<1.7 p9 laser triggering by photoconductive bolic mirror at 45° angle of incidence on solid flat targets.
switches allows the accumulation of a large number of laseThe focus was imaged on a charge-coupled de(@ED)
shots in cases when the signal is w¢ak,28. In this paper camera to determine the intensity distributjsee Fig. 1c)].
we present time-resolved-shell spectra from massive flat Peak values of about>510'" W/cn? are generated. In a
targets with low atomic numbez, consisting of C, F, Na, radius of 10um 40% of the pulse energy is encircled, result-
and Al. The experiments were performed with high contrasing in an average intensity of 710 W/cn?. By usingp
frequency doubled Ti-sapphire laser pulses of 150 fs durapolarization an absorption of 40—45 % was measured at an
tion in a modest intensity range of o 10" W/cn?. The  angle of incidence of 45{25]. The targets were disks of a
simplicity of K-shell spectra facilitates the interpretation of few centimeters diameter, which are continuously translated
the results by hydrodynamic simulations including atomicand rotated to provide a fresh target surface for each laser
kinetics. A similar study with carbon was performed previ- shot. As target material we used Al, NaCl, LiF, and$l-
ously by Nantelet al. [14] but with the fundamentalnot  graduj with a smooth flat surface.
frequency doubledTi:sapphire radiation. In contrast to our  Time-resolved survey spectra were measured by coupling
results, which show a short emission duration of a few picoa transmission grating spectrometer to an x-ray streak cam-
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era. The transmission grating with 5000 lines per mm wador electrons emitted at the center of the slit and increase for
mounted on a slit of 5@m width. A thin Be filter(thickness electrons emitted at some distance from the center.

0.1 um) suppressed radiation at longer wavelengths, in par-

ticular in the visible range. The grating to target and grating

to streak camera distances were about 56 cm. The resulting IIl. EXPERIMENTAL RESULTS

spectral resolution wad\=0.5 A.

For time resolution we used the AXIS-PX 1 streak camera In our analysis the raw data were corrected for the curva-
[21]. Requiring small changes of the spectral sensitivity inture as well as for the spectral sensitivity of the photocath-
the spectral range of interest, we chose Kl cathodes for Nade. Resulting streaks for the different materials are pre-
and F targets and KBr cathodes for Al and C targets. Bottsented in Fig. 2.
cathode materials have very narrow electron distributions in The plotted spectrésolid lineg are obtained by integrat-
the relevant energy rand@6] to provide high time resolu- ing the streaked spectra over a time approximately corre-
tion. In single shot operation the camera has a time resolusponding to the line duration. As dominating lines we ob-
tion of 0.7 ps. However, the low collection efficiency of the serve the p-1s (Ly «) and 1s2p-1s? (He a) transitions.
spectrometer setup did not allow for single shot operationThe ratio of Ly« to He « intensity decreases with This is
For this reason we accumulated up to 12 000 laser shots gxpected because in low&rplasmas the hydrogenlike ions
installing a laser triggered semiconductor switahso-called have a lower ionization energy and are therefore more easily
Auston switch [27], thereby achieving a high signal to noise ionized. The Ly« line of Al can no longer be identified. This
ratio of the detected spectra. We used about 0.5 mJ of this in agreement with previous time-integrated Al spectra
fundamental laser pulse energy to illuminate two photoconmeasured with high spectral resolution by means of a von
ductive GaAs switches for triggering the sweep voltage orHamos crystal spectromet¢i5,16. These measurements
the deflection plates of the streak camera with high temporashowed that the Lyx intensity was lower than the He
stability [28]. A remaining small temporal jitter is still gen- intensity by a factor of 10. The Hex line of F and the Ly
erated by fluctuations of the amplified spontaneous emissioline of C are clearly broader than the spectral resolution
(ASE) pedestal preceding the laser pulses of the ATLAS(AN=0.5 A). Their long wavelength wing is less steep than
system. This leads to small fluctuations of the sweep voltagthe short wavelength wing. Time-integrated but spectrally
due to premature discharge of the semiconducting switchesighly resolved Al spectra, which were previously measured
By using a saturable absorber in front of the switches, wainder the same conditiof5,16, indicate that this spectral
suppressed the ASE level substantially and managed to ertiie shape is caused by merging of the resonance line with its
up with a time resolution of 1.7 ps in accumulation mode ofsatellites in the presence of strong electron Stark broadening
the streak camera, even when we accumulated up to 10 0@ue to the high density of the plasma.
shots[28]. The time resolution of 1.7 ps obtained by usis an  Temporal lineouts are taken by spectrally averaging over
outstanding value for Ti:sapphire laser systems with a repthe full line profiles, including their poorly resolved satellite
etition rate of 10 Hz which to our knowledge was not emission. The time history of the resonance lines taken from
achieved previouslycompare Ref[14], where a time reso- the streaked spectra is shown in Fig. 3. In some chsss,
lution of 4 ps was obtained for example, the Lya line of carbon in Fig. 8)] the time

An example of a raw spectrum is depicted in Figh)Ifor  profiles show asymmetric shapes. A steep rise is followed by
carbon as target material. The curvature of the streaked spea-slower decay. We notice that the response of the streak
trum is caused by different electron paths, which are shortestamera is still included in these data. For quantitative evalu-
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) ] . different materials. Experimental data are compared to hydrody-
FIG. 2. Experimental data for different target materials. Streaks,3mic code simulatioffull lines).

are corrected for curvature and spectral sensitivity of the photocath-

odes. Time-integrated lineouts are plotted as solid lines. for sodium, and about 300 eV for aluminum. The tempera-
ture for aluminum is in reasonable agreement with electron

ation, we unfolded the time-resolved measurements by usingmperatures deduced from spectral analysis in previous ex-

the formula perimentg 32].
In the case of the carbon continuum emission, we also
2 2 i i
Atuntolded™ VAL easured Atoag performed a temporal analysis. The temporal lineout was

taken as a spectral average over the region 25 to 20rA
430 to 500 eV and is plotted in Fig. &). After unfolding

the streak camera response, a FWHM duration of 3.2 ps is
determined from the measurement. This value is very close
to the carbon resonance line duration plotted in Fig. 4.

whereAt, .= 1.7 ps is the resolution of the x-ray streak cam-
era in accumulation mode. The unfolded durafifurl width

at half maximum(FWHM)] of the observed resonance lines
is presented in Fig. 4 as a function of the atomic nuniber
The duration of both the Her and the Ly« emission de-
creases withZ. Also, the Ly @« emission is shorter than the
He a emission. Thus, the larger the ionization or excitation  Simulations are performed with theuLTi-fs hydrody-
energies, the shorter the emission. Qualitatively, this behavhamic codd1]. It is based on theiuLTi code[29], which is
ior is related to the fact that the higher ionization or excita-
tion energies require a hotter plasma, which is expected to
have a shorter lifetime, as will be discussed in the next sec-

IV. COMPARISON WITH NUMERICAL SIMULATIONS

5

— ®— He, emission
—0O— Ly, emission

tion. g*

We also analyzed the spectral characteristics of the 3 al %<E\I
bound-free continuum, which is indicated in Fig. 2 on the 5 § \
high energy side of the resonance lines. To show the con- 2,0 \§ E
tinuum more clearly, we have plotted the spectrum semiloga- % c F Na Al
rithmically in Fig. 5a) in the case of carbon. The slope of N . . .
the continuum can be well fitted by the exponential Boltz- 6 ztmicn::m L

mann expressiofr-exp(—hv/kT)]. The temperature obtained
from such a fit increases with the atomic number. We find FIG. 4. FWHM duration(after unfolding with the time resolu-
110 eV for carbor{Fig. 5@)], 200 eV for fluorine, 280 eV tion of the streak cameydor different target elements.
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FIG. 5. (a) Bound-free continuum of carbon. The data are time
integrated over the duration of the emission. The dashed line is the’
Boltzmann fit used for temperature determinatidb). Temporal
lineout of bound-free continuurftoty. Experimental data are com-
pared with hydrodynamic code simulation. The simulation result is
plotted as the dashed line and after convolution with the experimen- 10
tal response function as the solid line.
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a Lagrangian code developed for nanosecond laser pulse in-
teraction with solid targetsvuLTi-fs is adapted to subpico- FIG. 6. Electron temperature and density for different times as a
second laser pulses by solving Maxwell’s equations in gunction of the layer depth for an Al target at an absorbed inten-
steep density gradient plasma. The nonequilibrium betweesity of 3x 10'® W/cn?. The cold target surface correspondsxto
electrons and ions is taken into account. Also, a model for=0. The penetration of a thermal wave into the target is illustrated.
electrical and thermal conductivity is included, which can be
applied from solid state to high temperature plasma. The00 eV. After a few picoseconds, a shock wave builds up
electronic heat transport is described by Spitzer's heat corthat is driven by the high pressure generated by the ablating
ductivity. The heat flux is limited by the free-streaming limit, matter.
i.e., the so-called factor is set tof = 0.6, which corresponds In our relevant intensity range, greater thart®\/cn?,
to a Maxwellian electron distributioi30]. The hydrody-  the hydrodynamic model approaches its limits, because the
namic simulations are performed in one-dimensional plan@lectron mean free path starts to exceed the scale length of
geometry. For the time dependence of the laser pulse wghe expanding low density plasma in the region of the critical
assumed a squared sinusoidal funct[c (t)=sir’(wt/27)  layer. This causes nonlocal heat transport, not taken into ac-
with 7=150 fg]. count bymuLTI-fs, which uses a local temperature. Never-
MULTI-fs calculates the electron temperature and densityheless, in the dense region of the target the penetrating elec-
in each Lagrangian cell as a function of time for a given lasetrons thermalize quickly because their mean free path is
intensity. In Fig. 6 temperature and density profiles arereduced strongly and is still small enough for the develop-
shown for an Al target at different times as a function of thement of a diffusive heat wave. This is confirmed by colli-
spatial coordinatex. The initial target surface is located at sional particle-in-cell simulatiofd1] and other experiments
x=0. The absorbed intensity in this simulation correspond$32]. Since our analysis shows that the emitted radiation is
to the experimentally determined absorbed intensity of 3mainly generated in the dense diffusively heated target re-
X 10'® W/cn? (average over 1Qum focal radiug. As in the  gion, we believe that the applied hydrodynamic code is still a
experiment, the incident laser lightpspolarized at an angle reasonable approximation for our conditions.
of incidence of 45°. The ablated material expands into the We also note thawuLTI-fs neglects density profile modi-
vacuum. In the expanding plasma, the laser pulse is alfications due to the light pressure. This may slightly modify
sorbed, heating the low density plasma up to several ke\the density initially during the interaction with the la$ég].
Due to the process of resonance absorption, the laser ener§nce the duration of the laser pulse of 150 fs is much shorter
deposition occurs preferentially at the critical density  than the duration of the x-ray emission, we believe that
=0.025 g/cnmi (corresponding to,, = 7.2< 107 cm™3). The  maodifications due to the light pressure are not very important
hot electrons created at the critical layer penetrate into thér our conditions.
dense target and generate a diffusive heat wave with a rather To calculate theK-shell emission, the hydrodynamic re-
homogeneous temperature profile at densities close to solgllts of MULTI-fs have been postprocessed by means of the
state. The simulation demonstrates the penetration of the heatomic kinetics coderLy [35—37. A similar procedure of
wave into the target material, while the average temperaturpostprocessing has been applied previo(i34}. It is noted
is rapidly decreasing on a picosecond time scale. Within 5 pthat muLTI-fs takes into account radiation emission and
the heat wave has propagated more than 500 nm into thHeansport; however, in a steady state approximation by using
target, still heating the electrons in this volume up to aboubpacity tableg1]. Since the x-ray generation is only a small
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T sion from different target materials. The trend of decreasing pulse
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ment(Fig. 4).
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a longer emission time, which is closer to the experimental
observation.

To obtain the total x-ray emission one has to sum over the
emission from all layers. The results obtained for the FWHM
pulse durations of Heand Ly, lines are shown in Fig. 8 for
0 1 ] 2 3 the different materials used in the experiment. For a direct

time (ps) comparison with experimental data, we also plotted the x-ray

FIG. 7. Top: time history of the density and temperature for apulses 'after convolution.with the exp'eril.”nental streak camera
layer at a depth of 90 nratt=0). Laser parameter and target are resolution Qes=1.7 pg in Fig. _3 (39“0' lines.
as in Fig. 6. Bottom: time history of the Al He emission calcu- The calculated pulse duratiorifig. 8 show the same
lated with therLy code under the assumption of steady st&®,  trend as the experimer{Fig. 4). They decrease with the

local thermal equilibriun{LTE), and by solving the time-dependent atomic n_Umber and Lyr emission is gengrally shorter tha}n
rate equation§TD). He a emission. The absolute pulse durations somewhat differ

from the experimental data. The calculated durations of the

tribution (typically | than 1%in th bal carbon lines are overestimated, while for the largeele-
contribution (typically less than 1%in the energy balance, (Na and A) the theoretical pulses are somewhat

one can assume that the hydrodynamic behavior is not mucly, o ey than the experimental ones. One reason for these de-
mfl_ue_nce_o_l by details of the radiation emission and transportyiations may be the fixed intensity chosen for simplicity in
This justifies our procedure of postprocessing. _ the simulations for all elements. Increasing the laser intensity
The FLY code solves the rate equations for the differentog s in longer x-ray pulse durations as shown in Fig. 9 in
populations. As input it uses the time history of the densityihe case of the Al Her. Experimental data can therefore be
and temperature of the Lagrangian layers. Figure 7 Shows §flter reproduced when using a lower intensity for carbon
example of one layer of an Al target, at the depth 90(@M 5§ higher intensities for the larg&rmaterials. This is con-

2.4 g/cnd), from which depth the major contribution is emit- gistent with the fact that a higher average laser intensity is
ted during the first picosecond. At the top of Fig. 7 the time

histories of the density and temperature are plotted. After a 20
short delay the heat wave has reached the considered layer
and the temperature rises up to 600 eV at the end of the laser
pulse. Then it drops slowly during the next few picoseconds.
The density is first slightly enhanced due to compression.
Then after~0.5 ps expansion sets in. At the bottom, Fig. 7
shows the specific emission of the Hdine. To illustrate the
importance of the transient effect, we compare results of the
time-dependent solution of the rate equatiéhB) with re-

sults obtained under the assumption of steady $&%B:and

of local thermal equilibriumLTE). It is seen that the time- 08 : ; IR
dependent result differs strongly from SS or LTE results. 210" 10"
Both LTE and SS overestimate the onset of emission, while laser intensity (W)
overionization causes a gap in the emission signal at early

times. In contrast, the time-dependent calculation gives a FIG. 9. Simulation results for Al He FWHM pulse duration as
smoother onset of the emission and a longer tail, resulting im function of the absorbed laser intensity.

specific intensity (J/gs)
X
Q

=
[
T

FWHM duration (ps)
0
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' ' ' ' less deep layers due to the propagation time of the thermal
1ol Ly, emission a - heat wave into the target. o o
= —4— carbon Considering the broad emitting volume deep inside the
5 —v—fluorine carbon target materigsee Fig. 1(b)], opacity may influence
% ot /°~ :::ﬁr::nmum 1 the time history of the emitted lines. In particular, the rather
3 | a—_ large discrepancy of the carbon Heline duration between
3 ./ Y \ experiment and simulation may be attributed to opacity ef-
? ot |/ 1 fects. Emission from deep layers can be efficiently absorbed
s .t \ in this case on its way to the target surface. Since this emis-
3 \.\ \ a sion is generated at delayed times compared to the radiation
0L, B S S — from front layers, opacity will finally shorten the detectable
I °\ He,, emission b) . pulse duration in the experiment. The simulated duration of
310° dnn —a— carbon x-ray emission should therefore be considered as a maximum
) \\O —v—fluorine value in the case of |0V\Z. target materials, since opacity
% 20 v\_ :::m:mm | effects were not included in our model.
g . In contrast to the resonance line emission, continuum ra-
% 1 TN diation has the advantage that opacity effects are not impor-
8 1x10°F A o Q\A . tant. The time history of the bound-free continuum emission
® / \ T observed in the experiment was modeled for carbon as the
0 ’A/A ..\2\.\ . tar'get material. The result is pIqtted in Fig(b)j The simu-
0 5.0x10° 1.0x10% 1.5010° lation shows good agreement with the experimental data.
areal mass density (g/cn)
FIG. 10. Time-integrated emitted energy per mass as a function V. SUMMARY AND CONCLUSIONS

of the areal mass density for Ly (a) and Hea (b) line emission. ) ) .
The emitting region grows with decreasing atomic number of the K-shell spectra from different low and mediufnmateri-
target material and emission contributions of layers deep inside th@ls irradiated with ultrashort laser pulses are presented. The
target are no longer negligible. spectra were detected in accumulation mode at 1.7 ps time
resolution by means of an Auston switch triggering system.
The pulse durations of the resonance lines are in the range
f a few picoseconds. Hydrogenlike resonance lines show
orter pulse durations compared to heliumlike lines for all
elements, while the durations generally decreasing with in-

needed for elements with largérto createK-shell emission,
because the excitation and ionization energies increase wi
increasingZ. Considering the focal intensity distribution in
the experimenfsee Fig. 1c)], th_e emitting spot size is there- creasing atomic number.
fore expected to decrease with increasingThis is con-

) Hydrodynamic code simulations postprocessed with an
firmed by the fact that the temperature found from the conymic kinetics code agree well with the experimental re-

tinuum increases with increasing atomic number. AlSo, in &5 The remaining discrepancies are discussed and can be
previous experiment it was found that the radius of the Spof iy, teq to intensity and opacity effects. In contrast to the
size of the x-ray emission from a gold target increased Witfygsonance line radiation, the plasma is optically thin for the

the x-ray wavelength from about sm at~5 A to 20 um 5 1h4 free continuum, which shows good agreement with
radius at~40 A [32]. This experimental result indicates that the theoretical modeling.

the average intensity of the softer x-ray emission is lower 5 very important result of our model is that the emission

than for the harder x rays. o _under our conditions stems mainly from the dense target,
Another reason for the discrepancies in the pulse duratiofynich, is heated isochorically by electron heat conduction

between the experiment and the calculation may be the Nggpije the emission from the very hot expanding low density
glect of opacity effects when we did the summation over theg, plasma is negligible. This is in agreement with our

contributions from the different layers. To illustrate the SPa-previous analysis of time-integrated Al spectra, which indi-

tial origin of the line emission, we plotted, in Fig. 10, the 44 high densities close to the solid state at temperatures of
time-integrated specific energy of resonance line emissioBg 14 300 eV[15,16].

over the areal mass density for different target materials. For
aluminum, the emission stems mainly from a thin surface
layer of about 4 10™° gcm 2 (corresponding to a 150 nm
thick surface layer in the solid stateThe electron tempera-
ture in deeper layers is not high enough for aluminum The authors are very grateful to J. Bayerl for setup con-
K-shell emission to be generated. For target materials witlstructions and A. Bswald and H. Haas for operating the
lower atomic number, deeper layers contribute more effilaser system. This work was supported in part by the Euro-
ciently and the radiating depth is substantially increased. Thpean Communities within the framework of the Euratom-IPP
increase of the calculated line duration for decreasing atomiassociation and by the Deutsche Forschungsgemeinschaft in
number(Fig. 6) can be attributed to the fact that the emissionthe framework of the Schwerpunktsprogramm “Wechsel-
from deep layers is delayed compared to the radiation fromvirkung intensiver Laserfelder mit Materie.”
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